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Abstract 
Coulomb dissociation of light nuclear projectiles in the electric field of heavy target 
nuclei has been experimentally investigated as an alternative access to radiative 
capture cross sections at low relative energies of the fragments, which are of 
astrophysical interest. As a pilot experiment the breakup of 156 MeV 6Li-projectiles 
at 208Pb with small emission angles of the a particle and deuteron fragments has 
been studied. Both fragments were coincidentally detected in the focal plane of a 
magnetic spectrograph at several reaction angles well below the grazing angle and 
with relative angles between the fragments of0°-2°. The experimental cross sections 
haue been analyzed on the basis ofthe Coulomb breakup theory. The results for the 
resonant breakup give evidence for the strong dominance of the Coulomb 
dissociation mechanism and the absence of nuclear distortions, while the cross 
section for the nonresonant breakup follow theoretical predictions of the 
astrophysical S-factor and extrapolations of corresponding radiative capture 
reaction cross section to very low c. m. energie~ of the a particle and deuterons. 
Various implications ofthe approach are discussed. 
Messungen des Coulomb-Dissoziations-Wirkungsquerschnittes 
von 156 MeV 6Li-Projektilen bei extrem niedrigen Fragment-
energien von astrophysikalischem Interesse. 
Coulomb-Dissoziation von leichten Projektilkernen im elektrischen Feld schwerer 
Targetkerne wurde als alternativer Zugang zu Informationen über Strahlungs-
einfangquerschnitte bei kleinen Relativenergien der Fragmente, die astrophysi-
kalisch interessant sind, experimentell untersucht. Als Pilotexperiment wurde der 
Aufbruch von 156 MeV 6Li-Projektilen an 208Pb-Targetkernen bei sehr kleinen 
Emissionswinkeln der a-Teilchen- und Deuteronfragmente gemessen. Beide 
Fragmente wurden koinzident in der Fokalebene eines Magnetspektrographen bei 
mehreren Reaktionswinkeln deutlich unterhalb des experimentell bestimmten 
Streifwinkels und einer Winkeldifferenz von 0°-2° zueinander nachgewiesen. Die 
gemessenen dreifach differentiellen Wirkungsquerschnitte überdecken einen 
Bereich in der Relativenergie der Fragmente von den astrophysikalisch 
interessanten Werten unterhalb on 100 ke V bis oberhalb der 710 ke V Relativenergie 
des resonanten Aufbruchs über den ersten angeregten Zustand in 6Li. Rechnungen, 
basierend auf der Coulomb-Dissoziationstherorie mit einem aus anderen 
Experimenten bekannten B (E2)-Wert für den resonanten Aufbruch und aus 
Strahlungseinfangdaten bestimmte Werte für den direkten Aufbruch werden mit 
den experimentellen Ergebnissen verglichen. Die gute Übereinstimmung in der 
absoluten Höhe und der Form bei Spektren des direkten Aufbruchs, sowie der 
Winkelverteilung der gestreuten 6Li-Kerne beim Resonanzaufbruch belegt die 
Dominanz des Coulomb-Aufbruchs in der betrachteten Aufbruchreaktion und 
unterstreicht seine mögliche Bedeutung als Informationsquelle zu astrophysi-
kalisch interessanten Wirkungsquerschnitten. Verschiedene Implikationen der 
Af ethode werden diskutiert. 
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1. Introduction 
Apart from the general interest in a basic understanding of nuclear reaction 
mechanisms, breakup processes of nuclear projectiles under the influence of the 
Coulomb field are of particular interest since they provide information on electro-
magnetically induced interactions ofthe projectile constituents1•2• The situation of 
pure Coulomb breakup can be experimentally approached either by scattering at 
energies below the Coulomb barrier or, at higher energies, for collisions with 
small deflection angles and sufficiently large impact parameters beyond the range 
of the nuclear interaction. The situation for energies well above the Coulomb 
barrier has recently been scrutinized3-5 in view of interesting possibilities of 
studying charged particle reactions of astrophysical interest. The method and the 
procedures proposed for extraction of astrophysical information are subject of a 
current discussion6•7 . 
The breakup may result either from transitions to free continuum states of the 
fragments or from transitionsvia resonance states above the breakup threshold 
followed by a subsequent disintegration into fragments. This (resonant) 
sequential breakup was found to be dominant at small relative energies of the 
particles (emitted in a narrow angular cone). The extent to which the Coulomb 
interaction governs this two-step mechanism at higher energies has not been 
extensively studied though experimental observations ofthe 6Li ~ a + d (Refs. 8-
11) and 7Li ~ a + t (Refs. 12-14) breakup indicate considerable contributions of 
Coulomb breakup to sequential processes via resonant states. The (nonresonant) 
direct Coulomb breakup appears to be a mode of interest in itself. While for 
sequential processes the life time of the resonances is much larger than the 
collision time, the direct breakup involves energy dependent transition matrix 
elements into the continuum of the fragments distorted by the Coulomb field 
present at the breakup point. Though the analyses12•15 of direct Coulomb breakup 
of 7Li indicate that for energetic fragments with small relative energies a 
description as Coulomb excitation of quasibound states stays essentially correct, a 
conclusive investigation on the basis of adequate experimental data is still 
missing. The recent interest stems from the proposaP·5 to use Coulomb breakup as 
an access to those nuclear transition matrix elements which determine the time-
reversed process ofCoulomb breakup, radiative capture reactions at astrophysical 
energies. 
The present work addresses these questions by an experimental investigation of 
the breakup of 156 MeV 6Li projectiles in the Coulomb field of 208Pb nuclei. Alpha 
particles and deuteron fragments from elastic breakup, coincidently emitted in 
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extreme forward direction with small relative energies, are observed in kinema-
tically complete measurements with a dedicated detector setup using the 
magnetic spectrograph "Little John"16 at the Karlsruhe Isochronaus Cyclotron. 
The special interest in the case of 6Li has several reasons: 
(1) The production of Li isotopes through 4He(t, y)7Li and 4He(d, y)6Li fusion 
reactions at temperatures corresponding to energies of about 300 keV is an 
important clue of the nucleosynthesis in the primordial fire ball 17 • The 
4He(d, y)6Li cross section is unknown at these energies, and the present 
conclusion that 7Li is produced in the big bang nucleosynthesis, 6Li however 
predominantly by spallation reactions, is based on a purely theoretical 
extrapolation of the cross section 18 . 
(2) There are measurements19 for the d(a, y)6Li fusion at energies above 1 MeV. 
They allow a comparison with the results extracted from Coulomb 
dissociation. 
(3) The first excited state of 6Li (Ex (3 1 +) = 2.6 MeV) lies 710 ke V above the 
breakup threshold. Since the resonance strength (reduced transition 
probability) is experimentally weil known20 and the Coulomb excitation 
theory for quasi bound states appears to be reliable, the observation of the 
sequential breakup checks the anticipated electromagnetic reaction 
mechanism and provides information on possible interferences from spurious 
nuclear contributions21 • 
(4) Due to the identical charge-to-mass ratios of 6Li projectiles, a-particle and 
deuteron fragments post acceleration effects with distortions of the 
kinematics at the breakup point are minimized. 
First of all, the present paper describes the experimental method and procedures 
in detail. The results demonstrate the feasibility of such experiments and give an 
experimental basis of refined theoretical analyses. The first analyses of the cross 
sections prove the dominance of the Coulomb breakup mechanism and define the 
conditions most favorable for extracting information on radiative capture 
reactions. The observed direct (nonresonant) Coulomb breakup confirms 
experimentally the theoretically accepted value of the astrophysical S-factor19 for 
the thermonuclear fusion of a particles and deuterons. 
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2. Reaction kinematics 
For measurements of Coulomb breakup reactions with small relative energies 
between the fragments, especially in the domain of astrophysical energies 
(typically some keV up to some hundred keV ), but fairly large laboratory 
fragment energies, very specific demands are set to the detection system. As the 
peculiarities forthistype of studies hold in general for many projectile-fragment 
combinations, some specific aspects of the reaction kinematics will be discussed 
with focus an the present experiment. 
2.1 Trajectories 
In a classical treatment the most characteristic signature for a nuclear reaction 
being governed by the Coulombinteraction is the pure Rutherford trajectory ofthe 
scattered particle. In the case of a binary breakup reaction the projectile and -
after breakup- the center of mass of the fragments have to follow this track. At 
center-of-mass energies far above the Coulomb barrier this condition is 
approximately fulfilled at reaction angles between 0° and the grazing angle. This 
corresponds to impact parameters for which the minimum distance between 
projectile and target nucleus is larger than the sum of their nuclear radii. At the 
grazing angle the nuclei are just tauehing each other and the deflection due to 
Coulomb interaction is largest. At slightly smaller impact parameters the 
attractive nuclear force partly balances the repulsive Coulomb force. Hence the 
asymptotic trajectories look like pure Rutherford ones with larger impact 
parameters but leading to smaller scattering angles. In this angular range where 
both kinds of trajectories can contribute, the constructive interference leads to an 
enhancement of the elastic scattering cross section ae1 above the Rutherford cross 
section OR. This is signaled in the angular distribution by a broad bump just below 
the grazing angle, where ae/aR reaches values above unity, sometimes called the 
"Coulomb rainbow". 
In earlier experiments11 , the elastic scattering of 156 MeV 6Li incident an 208Pb 
was measured in the angular range of 5°- 30°. Although the grazing angle is about 
10° when calculated with realistic nuclear radii, the Coulomb rainbow region 
extends down to 7°. Hence, pure Rutherford scattering can be expected only below 
7°. As in the case of elastic scattering it is reasonable to assume that also elastic 
breakup reactions are practically exclusively due to the Coulombinteraction ifthe 
scattering angles of the center of mass of the fragments are below the Coulomb 
rainbow. Here, elastic breakup characterizes the projectile breakup where the 
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target nucleus is staying in the ground state. This assumption is supported by 
classical trajectory calculations5 • They indicate that such trajectories are mainly 
absorbed which would Iead to nuclear breakup, not excluded in principle at these 
angles. However, this remains a question to be experimentally investigated in 
more detail. Forthis purpese the resonant breakup has been measured insmall 
angular steps between 1.5°- 6°. By a careful analysis ofthese data the influence of 
Coulomb and nuclear interaction was studied for scattering angles below the 
Coulomb rainbow (see Ref. 21). 
2.2 Projectile breakup kinematics 
The restriction tosmall scattering angles and the large difference in mass number 
of target and projectile leads to negligible target recoil energies for the studied 
reaction. This means that the reaction Q-value is determined only by the breakup 
threshold of the projectile Qth and by the excitation energy Ex of the target 
nucleus. With E being the sum ofthe kinetic enermes ofthe fragments one gets: sum o~ 
E =E -Q -E 
sum pro;. th x (2.1) 
By measuring the energies of both fragments in a detection system with good 
energy resolution, elastic breakup events can easily be identified and separated 
from other reactions paths. This is considerably facilitated by the relatively high 
excitation energy of the first excited state in 208Pb (2.6 MeV). The kinetic energy 
in the exit channel, which is shared by the two fragments, has a constant value 
independent of detection angles and relative energy between the fragments. As 
shown in Fig. 1 for a typical detection angle setting, the kinematical loci of 
deuteron and a particle energy for elastic breakup form a straight line. Indicated 
on this curve are the two kinematicalloci for the resonant breakup via the first 
excited state in 6Li at 2.19 MeV, located at 0.71 MeV above the a-d breakup 
threshold. The two different combinations of a particle and deuteron energy 
correspond to breakup events, where the a particle is emitted with a velocity 
component in direction of the momentum vector of the excited 6Li and the 
deuteron with a component backwards and vice versa, respectively. The relative 
energy curve, which is also given in this figure, shows that two combinations are 
possible for a wide range ofrelative energies. 
An interesting feature is the remarkably slow variation of the relative energy Ead 
araund its minimum as compared to the Iabaratory energies ofthe fragments. This 
so-called "magnifying glass effect" Ieads to a very good energy resolution of the 
Fig. 1: 
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Labaratory energy of the deuteron and relative energy between the 
fragments as a function ofthe a particle laboratory energy for the elastic 
breakup of 6Li. The a particle energies for the two loci of resonant 
breakup of6Li via the2.19 MeV state with the relative energyEad = 0.71 
MeVare indicated. 
relative energy, even with moderate laboratory energy resolution. The effect is 
due to various cancellations of different terms in the expression of the relative 
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Relative energy as a function of the a particle Labaratory energy for the 
elastic breakup of 156 MeV 6Li projectiles at three different relative 
angles between the fragments. 
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At Ead = 100 keV for example, a change of 10 keV in the relative energy 
corresponds to a change of 200 ke V for the laboratory fragment energies. 
On the other hand, however, a good knowledge of the relative angle between the 
fragments is required to maintain a good relative energy resolution. 
2 v'm mdE Ed 
d E = a a sin 8 · d 8 
ud m+m ad ad 
Q d 
(2.4) 
This situation is illustrated in Fig. 2, which shows the relative energy as a 
function of the a particle energy for different relative angles. First of all, Fig. 2 
verifies that relative angles of less than 3° are necessary to approach relative 
energies below 100 ke V. Concerning the required angular resolution one deduces 
that at Ead = 100 ke V an uncertainty of 2° leads to an uncertainty of 50 ke V in the 
relative energy. 
In summary, out ofthe variety ofpossible detector settings, the best configuration 
should be carefully chosen, according to the relative energy range and resolution 
of the planned experiment. 
3. Experimental setup and procedures 
3.1 Principle of measurements 
For the coincident detection of the two breakup fragments a singlearm magnetic 
spectrograph was used. This is the only instrument to achieve a sufficiently small 
scattering angle and sufficiently small relative angles between the fragments. As 
indicated in Fig. 3 both fragments enter the same angular acceptance space of the 
spectrograph defined by adjustable crossed slits. Breakup particles with slightly 
different momenta (i. e. with non-zero relative energy) are separated in the 
dispersive magnet system independent of their relative emission angles. Thanks 
to this "automatical" Separation of the fragments they can be detected in 
coincidence using a two-part detection system in the focal plane of the 
spectrograph. The example in Fig. 3 shows only the case where the deuteron has a 
lower momentum than the a particle. Of course, also the reversed case can 
simultaneously be detected with such a setup. 
The more difficult task in this experimental arrangement is the measurement of 





Experimental arrangement for coincident detection of binary breakup 
fragments using a magnetic spectrograph. 
mination of the relative energy as discussed above. Two methods to deal with this 
problern have been applied in different phases ofthe experimental efforts. 
The simple method is to reduce the angular acceptance of the spectrograph 
considerably and use a fixed value for the relative emission angle deduced from 
Monte Carlo simulations of the corresponding geometry22 • In this procedure the 
uncertainty of the deduced relative energy of the fragments depends only on the 
chosen limited acceptance angle and can be calculated from it (see below). The 
obvious disadvantage of the method is the reduced detection efficiency which 
scales wi th the square of the acceptance solid angle. Therefore a direct 
measurement ofthe relative emission angles was pushed forward. 
Several methods do, in principle, exist to detect the emission angle of each 
particle. One of these is to place a 2-dimensional position sensitive detector in 
front of the magnet system e. g. close to the position of the acceptance slit. Two 
different prototypes of such detectors, a parallel plate avalanche detector and a 
multiwire proportional chamber have been used for test purposes16•23 • Angular 
resolutions better than 5 mrad have been achieved with these detectors. However, 
it turned out that they could hardly be used for the coincidence measurements due 
to countrate problems. In order to achieve a sufficiently high coincidence count 
rate the beam intensity had tobe chosen as high as possible. Hence, the countrate 
of elastically scattered 6Li particles was increased so much that these acceptance 
detectors were overloaded. The separation of the small signals from penetrating 
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deuterons in the presence. of a high count rate from large Li-pulses aggravated 
these problems also at lower beam intensities. Moreover, the detector material 
caused a considerable energy and angular straggling which deteriorated the 
momentum resolution ofthe spectrograph. 
In the focal plane the high background of elastically scattered 6Li particles could 
be suppressed by a simple method. Since these particles have the same magnetic 
rigidity as a pair afbreakup particles with zera relative energy they pass the facal 
plane af the spectragraph just at that position where the twa independent facal 
plane detector systems tauch. Hence, the 6Li particles are stopped by a graphite 
block at this position. 
Since only upstream of this graphite absorber active detectars could be placed the 
remaining method for detecting the relative emission angles was ta measure the 
particles track in this region of the setup using two planes af position sensitive 
detectors (Fig. 3) and to calculate the full trajectary fram the target by ian aptical 
methods as decribed belaw. 
This method of particle-particle correlatian measurements has been prapased24 in 
detail in 1986 in context with the application af the spectragraph "Little John" 
and its feasibility was demanstrated in Ref. 25. Recently, Utsanumiya et al. 26 
discussed the applicability af a two-part focal plane detector for variaus studies. 
3.2 Magnetic spectrograph and experimental environment 
The measurements were performed at the Karlsruhe Isochronaus Cyclatron using 
the magnetic spectrograph "Little John" 16 far detection af the breakup fragments. 
The external ECR ion source LISKA 27 specially designed for Li ians provided an 
intense beam of 6Li3 + particles which were axially injected into the cyclatran and 
accelerated to a beam energy of 156 MeV. After analysis in a canventianal 
monochramator magnet a beam intensity up ta 0.1pA was available at the target 
with an energy spread ofless than 100 keV. Very stable beam intensities were of 
great advantage far the caincidence measurements. With a bunching system used 
in the injectian line ta the cyclatran an 11 MHztime structure synchronized with 
the 33 MHzoperating frequency ofthe cyclatran was prepared. This was leading to 
a suppression of accidental coincidences between particles from different bunches 
due to flight time differences. 
Fig. 4: 
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Acceptance sl i ts 
Pos. sensit. proportional counter 1 
Pos. sensit. proportional counter 2 
Ionization chomber 
Karlsruhe magnetic spectrograph ''Little John" with two-part detector 
system for coincident detection of breakup fragments. 
The beam was focused in the target plane to a spot of about 1 nun size and an 
angular divergence of about 2 mrad. Position control of the target spot on the 
optical axis ofthe spectrograph was provided by a Iaser system. 
The magnetic spectrograph has a QQDS magnet configuration with a 60° 
deflecting dipole magnet of 1.5 m curvature radius. With a maximum field 
strength ofmore than 1.7 T thebendingpower exceeds 2.5 Tm being sufficient to 
deflect deuterons of 150 MeV energy. The field strength ofthe dipole is controlled 
with an accuracy of some 10- 4 by a temperature stabilized Hall probe. The two 
quadrupole magnets provide flexible focusing conditions leading to a variable 
momentum acceptance and resolution, respectively16 . With the sextupole magnet 
the focal plane is turned to the correct inclination for each operation mode. The 
mode with largest momentum acceptance and lowest resolutionwas chosen in the 
present experiments. In this mode the focal plane is congruent with proportional 
counter 1 closest to the sextupole magnet as shown in Fig. 4. Proportionalcounter 
1, which is necessary for particle tracking as discussed above, was used only in the 
later phase of experiments. In the former phase the detector part far stream up 
consisting of one proportional counter ( #2 in Fig. 4), ionization chamber and 
scintillator was completely shifted to a position that the proportionalcounterwas 
approximately at the position of #1 in Fig.4. 
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The two identical proportional counter parts of #1 provide the momentum 
information by measuring the particle position via charge division at a thin 
resistive wire. In the vertical direction the position is determined by a drifttime 
measurement of the electron signal from the wire with respect to a fast start 
signal from the scintillator. The ionisation chambers measure the energy loss of 
the penetrating particles and the scintillators the remaining energy. Hence 
particle identification is provided by the usual ßE-E technique. The design and 
operation conditions of each detector stack were as previously described16 for the 
singlefold types covering the full focal plane. 
At reaction angles ;:::: 3° the primary 6Li beam was stopped in a slightly shielded 
Faraday cup with 8 electron repeller inside the target chamber (0 50 cm). For 
monitaring purposes the accumulated charge could be measured quite reliably 
with this device. At smaller reaction angles a specially prepared wedge of the 
acceptance slit served as beam stop. However, a reproducible beam monitaring 
over many long Iasting beam times was not possible with it. Therefore, an 
additional monitor detector was mounted at a fixed scattering angle inside the 
target chamber. It consisted of a CsJ scintillation crystal with photo diode read 
out. The peak of elastically scattered 6Li particles was differentally discriminated 
and its counts were scaled. 
The detector electronics consisted of standard NIM modules and the data read out 
was done with a CAMAC system connected to an LSI 11173 minicomputer 
operated under RT11. Before the main particle-particle correlation coincidence 
circuit two independent coincidences including each detector of both stacks was 
connected to reduce neutron and gamma induced background. 
3.3 Procedures 
The data presented in this work have been collected in 7 beam periods of one weak 
each distributed over 24 months. The 208Pb targets used were selfsupporting metal 
foils of 4.0 and 6.7 mg/cm2 thickness, respectively, and an isotope enrichment > 
99%. 
At the beginning of each beam period the direction of the beam with respect to the 
angular scale of the spectrograph was determined by a method previously 
described11 • Therefrom, the absolute scattering angle scale was known with an 
accuracy better than ± 0.05°. 
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This was followed by the usual calibration measurements for the slightly non-
linear relation between position signal and particle momentum. This calibration 
is very important for the present experiment, since the shape of a continuous 
spectrum is to be measured. Because of different signal response of the position 
sensitive detectors to different particle types the calibration had tobedonein two 
steps. First, for the fixed and well known momentum of elastically 6Li particles 
the relation position to magnetic field strength was measured for a number of 15-
20 different field strength settings equally distributed over the full momentum 
acceptance. The magnetic field strength was then for all particle types related to 
the true position in the focal plane by putting a diaphragm with a row of slits in 
front ofthe position detectors and sweeping the reaction products from a 12C target 
across i t22• 
Also of great importance were careful total transmission measurements 
concerning momentum and angular acceptance range since the spectrograph was 
operated slightly outside its design specifications16• Therefore, the transmission 
was lower than 100% for particles with momenta close to the acceptance limit and 
with large emission angles22·28 . The transmission measurements were done in 
parallel with the first step of the momentum calibration using the CsJ monitor 
detector as reference. The angular acceptance was derived from comparison of 
corresponding measurements with small and large acceptance slit width22 • The 
detection efficiency for different particles was corrected off-line after the 
experiment runs by renormalization as decribed below. 
In case of measurements with the additional position sensitive detector for 
particle tracking and determination of the relative emission anglesanadditional 
angular calibration was necessary. This was performed by setting a small horizon-
tallvertical slit at different vertical/horizontal positions covering the full 
acceptance range and measuring the corresponding angle of the track of 
elastically scattered 6Li particles in the focal plane. This calibration had to be 
done for a set of particle momenta covering the momentum acceptance since the 
ion optical angular imaging coefficients depend on the particle's momentum29• As 
in the case of the momentum calibration elastically scattered 6Li particles were 
used for this purpose and the magnetic field was set to different values to cover the 
focal plane. 
These calibration procedures had been repeated during some of the runs. 
However, it turned out that it was only necessary to control the magnetic field 
strength and correct for i ts drifts. 
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At the beginning and the end of a measuring run all important parameterssuch as 
spectrometer angular setting, target number, acceptance slit position and width 
were recorded on tape. During the runs in addition to the detector signals the 
magnetic field strength and the accumulated beam charge, the monitor detector 
scaler and various scalers of the single detector rates were recorded in each data 
block for control of a proper function of the system. For normalization purposes the 
single event spectra from each of the two-part detector systems were recorded 
down-scaled with a rate 11256. Control of the beam position and direction was 
given by various passive and active slit systems in the beam line which were 
carefully adjusted after beam focussing. Further details about the experimental 
setup and procedures are given in Ref. 22. 
4. Data evaluation and results 
4.1 Data processing 
The a-d breakup reactions of interest are selected by setting the appropriate 
windows in the ßE/Erest spectra and in the time difference spectrum (Fig. 5) for 
coincidence events between the left and the right part ofthe focal plane detector. A 
kinematical plot for such events is shown in Fig. 6. Most events are accumulated 
along the line of constant sum energy Esum = 154.5 MeV, which is attributed to 
elastic breakup. The upper left part ofthe line corresponds to a particles in the left 
part ofthe detector and deuterons in the right part, which are breakup events with 
emission ofthe deuteron in the direction ofthe center-of-mass motion. Theinverse 
combination, backward emission of the deuteron, holds for the lower right part of 
the line. The gap in between which is the region of very small relative energies 
has two reasons. The extremely low breakup cross section for relative energies 
around 0, and the dead zone between the detectors, which covers this region of 
relative energies as already described above (Chapter 3.). An additional 
accumulation of events in the upper left part below the line for elastic breakup 
originates from resonant breakup of 6Li with additional excitation of 208Pb target 
nuclei (Ex = 2.6 MeV). Observationofthis inelastic resonant breakup has been 
reported elsewhere30 and will not be considered in the present analysis.The 
experimental cross sections are added in the compilation ofthe appendix. 
For the further analysis elastic breakup is selected by setting a sum energy 
window Esum = 154.3 ± 1.1 MeV which is 200 ke V less than the kinematical value 
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Time difference spectrum for coincidences between the left and the right 
part of the focal plane detector. The pulsed structure of the Li-beam is 
clearly revealed. True coincidences are contained in the Zarge peak 
considerably dominating over the small peaks from accidential 
coincidences. 
relativistic event-by-event transfonnation ofthe laboratory energiesandrelative 
angle to the energy in the center of mass of the fragments. For cases, where 
information on the relative angle was missing, a fixed relative angle was used as 
it results as mean relative angle from a Monte Carlo simulation of the 
experimen t22 • 
4.2 Results 
An example of a relative energy spectrum taken at a mean reaction angle of 3° is 
shown in Fig. 7a, where the negative energy axis denotes breakup with backward 
emission of the a particles. For these reactions the peak due to resonant breakup 
at Ead = 710 keV can clearly be identified as well as direct breakup to energies 
Fig. 6: 
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Ea. 
Two-dimensional plot of a particle-deuteron coincidences in the focal 
plane detector. The line for constant sum energy Esum = 154.5 MeV is 
indicated. 
below 100 keV. It should be noted that the detection limit for relative energies of 
about 50 ke V is not due to detector limitations but due to statistics as the 
spectrum may indicate. For the positive energy branch corresponding to forward 
emission of the a particle direct breakup particles are observed only up to a 
relative energy of 600 keV. This results from the slightly asymmetrical 
momentum acceptance of the spectrograph with respect to the central trajectory. 
Therefore, backward emitted resonant breakup deuterons, which have a double as 
large momentum deviation from the central trajectory than backward emitted a 
particles, arenot accepted by the spectrograph. 
All spectra are corrected for background of random coincidences. This background 
was inferred from the random peaks in the time difference spectrum, (Fig. 5) in 
exactly the same way as the true coincidences. It was less than 0.1 % for the 
resonance peak and became only important(> 10 %) below 100 keV. 
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The resolution on the relative energy scale was determined with the above 
mentioned Monte Carlo simulation prograrn. Table 1 gives the results of the 
simulation for several relative energies. Acheck ofthis procedure was provided by 
the very good reproduction of the resonance peak, using the experimental 
conditions and the weil known natural width ofthis resonance state. 
Tab. 1 : Resolutionon the scale of the relative energy with realistic experimental 
conditions ( acceptance 20 · 30 mrad2 , target thickness 4 mglcm2) from 









For comparison with theory the triple differential Iabaratory cross sections 
daa/dQu dQd dEud are converted to the c. m. cross sections d3a/dQLi* dQad dEad by 
kinematical transformation described in Ref. 31. Figure 7b shows the transformed 
spectrum of Fig. 7a. The much steeper decay of the cross section towards small 
energies is due to the rapid increase of the transformation factor for very small 
energies. This enabled us to obtain a relative energy spectrum where the values of 
the triple differential cross section extend over more than three orders of 
magnitude with reasonable statistics. The spectrum shown in Fig. 7 results from a 
full week measuring period, using an angular acceptance of the spectrograph 
Qu = Qd = 20 mrad (horiz.) · 30 mrad (vert.). It has been reproduced by a further 
run at the sarne scattering angle with a different target and an angular 
acceptance of 7 · 34 mrad2• Both data sets agree over the whole range of relative 
energies within the statistical uncertainty. 
Besides the spectra taken at 8 a = 8 d = 3°, the angular range from 1.5° to 6° has 
been investigated in steps of 0.5° to 1°. Because of the lower statistics of these data 
only the sequential breakup is used for the analysis. It has been extracted by an 
integration from 600 to 800 keV over the resonant peak at 710 keV, subtracting 
the direct breakup contribution, which was linearly interpolated between 600 and 
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Tripie differential cross section for elastic breakup of 6Li in the 
Labaratory system ( a) and the center-of-mass system of the fragments (b) 
as a function of relative energy. Negative resp. positive relative energies 
denote backward resp. forward emission ofthe a particle in the 6Li c. m. 
system. 
in the appendix tagether with the differential cross sections da/dQLi*' They have 
been obtained by integrating over Qad assuming an angular distribution of the 
fragment emission in the 6Li*-system for a pure E2-Coulomb excitation 
mechanism32 • 
The angular distribution ofthe differential cross section for this elastic sequential 
breakup is presented in Fig. 8. Data from 1.5° to 6° represented by crosses are all 
measured during one experimental period with same beam conditions, target, and 
detector setup, thus minimizing the errors in the relative normalization of the 
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cross sections. For the data from 3° to 6° the integrated beam current collected in a 
shielded Faraday cup inside the target chamber served for the normalization. The 
stability ofthis measurement was checked by the CsJ scintillator monitor detector 
mounted at ~ 20° scattering angle. The relation between the rate of elastically 
scattered projectiles and the accumulated chargewas constant within 4.5% for the 
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Measured angular distribution ofthe reaction 208Pb (6Li,. 6Li*219 MeV ~ 
a + d) 208Pb . The horizontal error bars correspond to the angular g.:;. 
acceptance ß8Li* ofthe spectrograph. The vertical error bars comprise 
the statistical uncertainly and an estimated error due to the integration 
over the peak of sequential breakup. 
A different normalization procedure had tobe applied for the reaction angles 1.5°, 
2° and 2.5°, where the beam was stopped on the acceptance slits (see Chapter 3). A 
normalization relative to the data at larger angles with the help of the monitor 
detector was not possible because of different background conditions. For these 
data simultaneously registered inclusive particle spectra were used for the 
normalization. In previous experiments11 with the spectrometer these inclusive 
spectra had already been measured in the sameangular region. The comparison of 
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these reference data with the actual inclusive data at 3°- 6° showed an agreement 
better than 10 %. For the overall absolute cross section normalization an 
uncertainty of 15% is estimated, taking into account the uncertainty in the target 
thickness and detection efficiency. 
The sharp dip in the angular distribution at 3.5° has been fully confirmed in 
another experimental run, where the data at 3°, 3.5° and 4° were remeasured. All 
above described data for sequential breakup have been taken with the detector 
setup without relative angle information, so using a small aperture of the 
spectrograph Qa = Qd = 9 · 40 mrad2, except at 1.5°, where 9 · 10 mrad2 was 
used. Additional data between 3.6° and 4.4°- indicated as squares in Fig. 4.4- have 
been obtained with the extended detector setup which provided a determination of 
the emission angles of the fragments. Here the acceptance of 20 · 30 mrad2 of the 
spectrometer was subdivided offline28 into three bins providing the data points at 
3.6°, 4° and 4.4°. Again, the excellent agreement with the other data confirms the 
reproducibility of the breakup measurements with different detection systems and 
methods. 
5. Analysis 
The sequential breakup mode and the measured differential cross section for the 
excitation of the 31 + state of the 6Li projectile have been recently21 analyzed on 
equal footing of Coulomb and nuclear excitation in the framework of a full coupled 
channel approach. Adopting the value of the electromagnetic transition 
probability B (E2; 1 + ~ 3+) = 21.8 e2 fm4 experimentally known from (e, e') 
scattering-33 the analysis has been performed with the view of possible effects 
arising from the nuclear interaction. The results demonstrate convincingly the 
dominance of the Coulomb interaction for the elastic breakup of the projectile 
scattered into the very forward region. The angular region ofthe differential cross 
section below halfthe grazing angle proves tobe practically unaffected by nuclear 
contributions. In principle, such contributions could be present even at the most 
forward angles. Their disappearance for elastic breakup is a consequence of the 
strong absorption of trajectories with small impact parameters associated with 
small deflection angles5• 21 • 
The case ofnonresonant Coulomb dissociation is theoretically more complicated as 
- unlike the sequential breakup - the region of excitation and disintegration are 
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V arious breakup modes under consideration. 
Coulomb field of the target (see Fig. 9) may distort a simple relationship between 
the cross section and the electromagnetic matrix elements of the projectile 
structure and the astrophysical 8-factor, respectively. 
Concerning the kinematical effects of post-acceleration the necessary corrections 
mapping the asymptotic kinematics tothat of the breakup locus appear similar to 
procedures used in nuclear interferometry in heavy ion reactions34• In the present 
case of 6Li breakup with fragments of equal charge-to-mass ratio the corrections 
are expected tobe rather small. Results of semiclassical trajectory calculations35 
(assuming the breakup locus at the top of the Coulomb barrier) support this 
conjecture. High projectile energies and small relative energies alleviate the 
problern considerably. Nevertheless, in general, a consistent analysis of the 
nonresonant breakup requires at least an approximate treatment of the multistep 
excitation of the Coulomb continuum. This is certainly a future task of the 
theoretical development. 
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Our analysis follows the theoretical fonnulation given in Refs. 3, 4. There is a 
factorisation of the coincidence cross section into a kinematical part which 
describes the equivalent photon spectrum (including its polarization) and into a 
part which absorbs the nuclear structure dependence i. e. the radiative capture 
matrix elements. In general, complications may arise from the competition of 
different multipoles (E1 and E2, e. g. as in the case 160--+ a + 12C, see e. g. Ref. 36) 
or from non-zero spin values of the particle (like in our case). However, it is 
important to stressthat the analysis of the triple differential cross section can be 
clone in a completely madel-independent way with the electromagnetic structure 
matrix elementsentering as free parameters. 
Fora first inspection of the present case, we follow the argument37 that a d-state 
component of the ground state of 6Li is practically negligible. Thus, the angular 
momentum ofthe a + d motion in the continuum is e = 2 only which couples with 
lhe deuteron spin to I = 1, 2 and 3. Langanke has shown38 that the wave function 
can be generated by a potential independent of I. (This would not be valid in the 
region of the 3 + resonant state). With these simplifications the coincidence cross 
section of the nonresonant Coulomb breakup is directly proportional to the 
astrophysical 8-factor 
S = E · o (E) exp (2nl'} (E)) 
capt (5.1) 
usually introduced in order to facilitate the extrapolation of the capture cross 
section ocapt to low energies (IJ. = Z1 • Z2 e2 I hv is the Coulomb parameter). It has 
been already shown4 that our data are roughly reproduced with an energy-
independent value of8 = 1.7 · 10-5 MeV mb in the range ofthe relative energy 
Eud ( = E) :s: 400 ke V which is considered to be unaffected by interferences from 
sequential breakup. This value is in fair agreement with the extrapolation of the 
data ofRobertson et aP 9 by a capture model calculation. 
In addition, the astrophysical 8-factor has been parametrized by means of a 
McLaurin series 
S (E) = S 0 + S 1 E + 0. 5 · S 2 E
2 (5.2) 
The coefficients are determined by fitting the theoretical cross section to the data, 
whereby the quadratic term proves tobe insignificant. 
The result 
S (E) = (co.91 ± 0.18) + (2.92 ± 0.66) E) 10 -s MeV mb 
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Fig. 10: Camparisan of the measured triple differential cross section of 6Li 
Coulomb dissociation with various forms ofthe astrophysical S-factor: 
a) S = 1.7-10-5 MeV mb, b) S = (0.91 + 2.92 E) 10-5 MeV mb. 
An explicit calculation of the astrophysical S-factor on the basis of a microscopic 
model is given in Ref. 37. Due to the d-wave penetration a considerable energy 
dependence ofthe S-factor is found which is not reproduced by our data. 
Recently39 the role of a possible E1 component of the d(a, y) 6Li capture cross 
section has been theoretically scrutinized. An admixture comparable to the E2 
component is estimated for astrophysical energies. The E1 component of the 
Coulomb dissociation cross section is suppressed relatively to E2 by a factor k\b2 
~ 1 with ky the wave number of the (equivalent) photon and b the impact 
parameter. Hence, a dominant E1 component may induce considerable 
interference effects visible in the observed differential cross section, especially 
through asymmetries of the two different branches on the relative energy scale 
(see discussion of the 160-+ 12C + a case in Ref. 4). Such a feature is not observed 
with our data. Nevertheless, the present simplified analysis taking only E2 
excitation into account and the data at low energies do not exclude non-negligible 
E1 admixtures at energies E ~ 100 keV, and the results imply a lower limit ofthe 
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Fig. 11 : Cross section for the d(a, y) 6Li capture reaction. The low energy data 
( open circles) ofthe present experiment are added to the graph o{Ref. 19. 
Though different multi pole components enter differently the Coulomb dissociation 
and the corresponding capture cross section, we would like to emphasize that the 
Coulomb dissociation approach provides some useful additional flexibilities. 
Varying the experimental conditions (the impactparameterband increasing the 
virtual photon number by higher projectile energies) may relatively enhance the 
El component and help to dissentangle various multipoles on the basis of 
sufficiently precise data. Theseare also valuable consistency checks. 
In order to display the experimental progress due to the application of the 
Coulomb dissociation approach the results (with E ~ 100 ke V) have been 
converted into cross section values for the d(a, y) 6Li capture reaction and are 
plotted tagether with the previous (higher energy) results of the standard 
experimental approach (Fig. 11). 
- 24 -
These results can be considered as an experimental confirmation of theoretical 
conclusions on the capture cross section at astrophysical energies. 
6. Conclusions 
The nucleosynthesis of the Li isotopes has very interesting aspects17 • The d(a, y) 
6Li reaction is considered to be the only mechanism likely to produce 6Li within 
the big bang evolution18 . Basedon a theoretical extrapolation ofthe higher energy 
data (E :::::: 1 MeV) and the resonant transition from the I = 3 + resonance at 
0.711 MeV, it was concluded that at the relevant temperature (T9 :::::: 1.0) the 
capture reaction rate is to low to lead to a significant amount of 6Li during the big 
bang comparable to the observed abundance and the 6LiflLi ratio. Hence, it is 
generally believed that 6Li is produced via spallation processes of galactic cosmic 
rays. Though the present data do not alter these general conclusions, they provide 
an experimental ex-post justification. This is not unimportant in view of the 
theoretical uncertainties and occasional "surprises" with extrapolated cross 
sections. 
In general, by our investigation projectile breakup in forward scattering direction 
is demonstrated tobe an access to electromagnetic transition probabilities for low 
relative energies between the fragments. The approach needs a careful study in 
selecting the angular scattering range where the Coulomb interaction is 
dominant. The analysis21 of the sequential breakup data of the present 
experiments indicate that currently used prescriptions8•40 for determining the 
separation of the interacting nuclei are too weak to suppress sufficiently nuclear 
contributions. Semiclassical trajectory calculations5•21 prove tobe quite helpful to 
define proper experimental conditions, though quantitative conclusions suffer 
sometimes from the ambiguities of the nuclear potential, in particular at low 
projectile energies. Generalizing our observations, the extreme forward angular 
region where a/aR = 1 appears to be no more modulated by rainbow effects, is 
quite safe. 
In cases where such conditions arenot safely met, spurious nuclear contributions 
may lead to inconsistencies, even when the Coulomb interaction is dominant. 
Recently Hesselbarth et alY have experimentally investigated in detail the 
breakup of 60 MeV 6Li on 208Pb at scattering angles 15°, 20° and 25°. The results 
show nicely the increasing influence of the nuclear field at larger angles. 
Conspicuous and peculiar "forward-backward" asymmetries for the nonsequential 
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emission of the breakup fragments from the a + d c. m. system are observed. 
These !arger asymmetries cannot be explained by the Coulomb breakup theory, 
even admitting an unreasonably large El admixture. In contrast, the data taken 
at 156 MeV in the course of the present investigations do show only slight, 
theoretically consistent asymmetries42 • This feature additionally supports the 
pure Coulomb mechanism. We tentatively associate Hesselbarth's observation to 
the influence of a remaining nuclear field disturbing the angular distribution of 
fragments of nonresonant dissociation. 
There is an interesting proposal43 of a variant of the Coulomb dissociation 
approach for situations where nuclear and Coulomb breakup coexist. In order to 
avoid a detailed decomposition of the nuclear and electromagnetic amplitudes by 
invoking a reliable theory of nuclear breakup, an ad-hoc assumption of a 
"universal" energy dependence of the nuclear and electromagnetic transition 
strengths is introduced with a standard DWBA analysis. This procedure can be 
criticized as nuclear and electromagnetic form factors behave asymptotically in a 
different way and as the nuclear interaction uncertainties steal in through the 
DWBA procedure. 
The Coulomb dissociation approach is potentially able to giVe experimental 
information on the electromagnetic interaction of nuclear particles at extremely 
low energies (in principle, down to zero-energy). With decreasing relative energy 
of the fragments dedicated experimental procedures must be used to establish the 
necessary efficiency and energy resolution. The methods developed in these 
experiments are of that kind and allow further improvements. It should be 
emphasized that at the high laboratory energies of the fragments the interaction 
of bare nuclei is involved, in cantrast to low energy capture experiments which are 
affected by screening of the atomic electrons44 • In turn, comparative sturlies of 
nuclear fusion at low energies and Coulomb breakup could provide an 
experimental basis for understanding ofthe Screening problem. 
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Appendix 
Tab Al : Differentialcross sections ofthe elastic and inelastic resonant breakup 
t · 2ospb (6L · 6L ·* d) 2ospb (2osPb* ) reac wns L, t 2.19 MeV~ a g.s. 2.16 MeV . 
E)C.M do/dQ (elastic) do/dQ (inelastic) 
[degree] [mb/sr] [mb/sr] 
1.5 61 (24) -
2.1 45.3 (6.4) 8.3 (2.0) 
2.6 96.4 (6.3) 12.6 (2.1) 
3.1 159.7 (6.4) 11.9 (1.7) 
3.6 101.6 (8.4) 10.5 (2.5) 
3.7 100.7 (12.8)* -
4.1 177.4 (5.7) 3.7 (0.8) 
175.6 (14.2)* -
4.5 206.1 (15.3)* -
5.2 254.7 (10.3) 3.6 (1.0) 
6.2 215.3 (5.0) 1.5 (0.6) 
* measured with different setup (see Ref. 21) 
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Tab. A2: Triple differential cross section d3a/dQa dQd dEad ( = a3) of the elastic 
breakup reaction 208Pb (6Li ad) 208Pb · 0 = 2° 
' g.s · Lab 
Ead 03 (6.o3) 
[MeV] [mb I sr2 MeV] 
-0.85 462 (267) 
-0.83 153 (153) 
-0.81 153 (153) 
-0.79 304 (215) 
-0.77 604 (302) 
-0.75 1655 (499) 
-0.73 3747 (749) 
-0.71 4180 (790) 
-0.69 1339 (446) 
-0.67 2668 (629) 
-0.65 886 (362) 
-0.63 884 (361) 
-0.61 587 (294) 
-0.59 586 (293) 
-0.57 730 (327) 
-0.55 146 (146) 
-0.53 145 (145) 
-0.51 145 (145) 
-0.49 242 (210) 
-0.43 288 (203) 
-0.41 144 (144) 
(Negative signs of E ad denote the branch with V a < V d) 
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Eud 03 (llo) 
[MeV] [mb I sr2 MeV] 
-0.39 287 (203) 
-0.37 429 (248) 
-0.33 143 (143) 
-0.31 285 (201) 
-0.29 142 (142) 
-0.27 142 (142) 
-0.25 284 (201) 
0.25 135 (135) 
0.33 135 (135) 
0.35 540 (270) 
(Negative signs of Ead denote the branch with va < vd) 
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Tab. A3: Triple differential cross section d3a/dQa dQd dEad ( = a3) of the elastic 
breakup reaction 208Pb (6Li ad) 208Pb · 0 = 3° 
' g.s · Lab 
Eud 03 (.~a3) 
[MeV] [mb I sr2 MeV] 
-1.01 23 (17) 
-0.99 23 (16) 
-0.97 80 (30) 
-0.95 22 (16) 
-0.93 44 (22) 
-0.91 52 (25) 
-0.89 75 (28) 
-0.87 72 (28) 
-0.85 39 (21) 
-0.83 215 (48) 
-0.81 269 (53) 
-0.79 464 (69) 
-0.77 1484 (122) 
-0.75 4530 (212) 
-0.73 8121 (283) 
-0.71 6921 (260) 
-0.69 4064 (198) 
-0.67 2186 (145) 
-0.65 1570 (123) 
-0.63 1027 (99) 
-0.61 760 (84) 
(Negative signs of E ad denote the branch with v a < v d) 
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Eud 03 (~a3) 
[MeV] [mb I sr2 MeV] 
-0.59 865 (90) 
-0.57 657 (79) 
-0.55 761 (84) 
-0.53 625 (76) 
-0.51 709 (80) 
-0.49 456 (65) 
-0.47 589 (73) 
-0.45 444 (63) 
-0.43 453 (63) 
-0.41 341 (55) 
-0.39 376 (59) 
-0.37 253 (49) 
-0.35 284 (50) 
-0.33 221 (47) 
-0.31 303 (51) 
-0.29 289 (51) 
-0.27 292 (51) 
-0.25 226 (46) 
-0.23 225 (45) 
-0.21 144 (37) 
-·0.19 250 (48) 
-0.17 119 (35) 
-0.15 129 (35) 
-0.13 126 (35) 
(Negative signs o{Ead denote the branch with va < v) 
- 35 -
Eod 03 (ßo) 
[MeV] [mb I sr2 MeV] 
-0.11 140 (38) 
-0.09 62 (30) 
-0.07 14 (22) 
-0.05 27 (26) 
0.07 37 (22) 
0.09 79 (27) 
0.11 61 (25) 
0.13 92 (30) 
0.15 210 (42) 
0.17 130 (34) 
0.19 247 (46) 
0.21 275 (48) 
0.23 265 (4 7) 
0.25 345 (54) 
0.27 239 (45) 
0.29 323 (52) 
0.31 280 (48) 
0.33 319 (52) 
0.35 362 (55) 
0.37 309 (51) 
0.39 272 (49) 
0.41 406 (58) 
0.43 365 (55) 
0.45 419 (59) 
(Negative signs ofEad denote the branch with va < vd) 
- 36 -
Eud 03 (L\a3) 
[MeV] [mb I sr2 MeV] 
0.47 452 (61) 
0.49 454 (62) 
0.51 383 (56) 
0.53 440 (61) 
0.55 418 (59) 
0.57 445 (61) 
0.59 149 (35) 
0.61 tH (2-&) 
(Negative signs of Ead denote the branch with va < v) 
- 37 -
Tab. A4: Triple differential cross section d 3o/dQa dQd dEad ( = o3) of the elastic 
breakup reaction 208Pb (6Li ad) 208Pb · E> = 4° 
' g.s · Lab 
E 
ud 03 (.:lo) 
[MeV] [mb I sr2 MeV] 
-1.09 69 (49) 
-1.07 69 (48) 
-1.05 68 (48) 
-1.03 135 (67) 
-1.01 123 (68) 
-0.99 299 (100) 
-0.97 66 (47) 
-0.95 164 (73) 
-0.93 162 (73) 
-0.91 194 (79) 
-0.89 278 (97) 
-0.87 223 (84) 
-0.85 317 (100) 
-0.83 274 (95) 
-0.81 346 (104) 
-0.79 845 (163) 
-0.77 1983 (249) 
-0.75 6109 (435) 
-0.73 9162 (532) 
-0.71 8214 (503) 
-0.69 6345 (441) 
-0.67 2444 (273) 
(Negative signs ofEad denote the branch with va < vd) 
- 38 -
Ead 03 (.!lo3) 
[MeV] [mb I sr2 MeV] 
-0.65 1431 (209) 
-0.63 840 (161) 
-0.61 605 (135) 
-0.59 634 (138) 
-0.57 572 (131) 
-0.55 470 (120) 
-0.53 619 (138) 
-0.51 388 (108) 
-0.49 229 (85) 
-0.47 268 (89) 
-0.45 237 (84) 
-0.43 247 (90) 
-0.41 256 (89) 
-0.39 256 (89) 
-0.37 246 (90) 
-0.35 196 (78) 
-0.31 108 (60) 
-0.29 235 (83) 
-0.27 107 (59) 
-0.25 68 (52) 
-0.23 97 (60) 
-0.21 175 (71) 
-0.19 58 (53) 
-0.17 68 (52) 




Eud a3 (~a3) 
[MeV] [mb I sr2 MeV] 
-0.15 48 (42) 
-0.13 39 (43) 
-0.11 58 (53) 
-0.09 97 (60) 
-0.07 19 (45) 
-0.03 29 (44) 
0.21 28 (28) 
0.23 74 (49) 
0.25 213 (79) 
0.27 167 (68) 
0.29 93 (57) 
0.31 185 (74) 
0.33 250 (83) 
0.35 130 (63) 
0.37 158 (69) 
(Negative signs of Ead denote the branch with va < vd) 
- 40 -
Tab. AS: Triple differential cross section d 3a/dQa dQd dEad ( = a3) of the elastic 
breakup reaction 208Pb (6Li ad) 208Pb · 0 = 6° 
' g.s · Lab 
Eud 03 (tw3) 
[MeV] [mb I sr2 MeV] 
-1.09 71 (50) 
-1.07 141 (70) 
-1.05 175 (78) 
-1.03 173 (77) 
-1.01 103 (59) 
-0.99 239 (90) 
-0.97 271 (96) 
-0.95 157 (76) 
-0.93 134 (67) 
-0.91 332 (105) 
-0.89 396 (114) 
-0.87 164 (73) 
-0.85 457 (122) 
-0.83 584 (138) 
-0.81 517 (129) 
-0.79 1285 (203) 
-0.77 1941 (250) 
-0.75 5012 (401) 
-0.73 8820 (529) 
-0.71 6606 (457) 
-0.69 4062 (358) 
-0.67 2259 (266) 
(Negative signs ofEad denote the branch with va < vd) 
- 41 -
Eod 03 (~o3) 
[MeV] [mb I sr2 MeV] 
-0.65 938 (171) 
-0.63 530 (129) 
-0.61 466 (120) 
-0.59 527 (128) 
-0.57 340 (103) 
-0.55 339 (102) 
-0.53 62 (44) 
-0.51 215 (81) 
-0.49 20 (32) 
-0.4 7 92 (53) 
-0.45 183 (75) 
-0.43 61 (43) 
-0.41 142 (69) 
-0.39 152 (68) 
-0.37 121 (61) 
-0.35 81 (53) 
-0.33 91 (52) 
-0.31 30 (30) 
-0.29 110 (61) 
-0.27 50 (44) 
-0.25 60 (42) 
-0.23 30 (30) 
-0.21 120 (60) 
-0.19 30 (46) 
(Negative signs of Ead denote the branch with va < v) 
- 42 -
Eud 03 (D.o3) 
[MeV] [mb I sr2 MeV] 
-0.17 40 (45) 
-0.15 10 (33) 
-0.13 20 (31) 
-0.09 20 (31) 
0.23 67 (51) 
0.25 162 (71) 
0.27 95 (59) 
0.29 124 (65) 
0.31 67 (51) 
0.33 124 (65) 
0.35 133 (65) 
0.37 57 (40) 
(Negative signs of Ead denote the branch with V
0 
< vd) 
